The estimated annual global production of 1,2-dichloroethane (1,2-DCA) is 1.6 ϫ 10 7 tons (17) , the highest of all synthetic chlorinated compounds. It is also a common groundwater contaminant; in the United States, 1,2-DCA has been found in at least 287 of 932 National Priorities List sites identified by the U.S. Environmental Protection Agency (search of the National Priorities List database [http://www.epa.gov /superfund/sites/query/advquery.htm] on 31 July 2008). While this potential human carcinogen (1) can be degraded by aerobic microorganisms (27) , anaerobic dechlorination is often a more relevant process because aquifers can be depleted of oxygen. Several mixed anaerobic cultures (5-7, 9, 32, 48, 53) have been developed and shown to degrade 1,2-DCA, usually by dechlorination to ethene but also by reductive dechlorination to chloroethane. Cometabolic degradation of 1,2-DCA has also been shown for methanogenic and acetogenic isolated microorganisms (4, 10, 15, 24) .
The use of 1,2-DCA as a terminal electron acceptor to support growth in the process known as dehalorespiration has also been demonstrated. This was first reported by Maymó-Gatell et al. (35) , who found that the tetrachloroethene (PCE)-degrading isolate "Dehalococcoides ethenogenes" strain 195 could grow by oxidizing H 2 and reducing 1,2-DCA primarily to ethene (and Ͻ1% to vinyl chloride). Growth with 1,2-DCA was subsequently reported for two other isolates, "Dehalococcoides" sp. strain BAV1 (20) and "Desulfitobacterium dichloroeliminans" strain DCA1 (8) . Recently, Marzorati et al. (34) identified reductive dehalogenase homologue genes (rdh genes) in a mixed culture and in D. dichloroeliminans strain DCA1, whose gene product may be involved in dehalorespiration with 1,2-DCA. Those authors hypothesized that these reductive dehalogenases (RDases) are specifically adapted to 1,2-DCA dechlorination (34) .
Dehalorespiration of chlorinated ethanes was also demonstrated in a set of enrichment cultures derived from a contaminated site in West Louisiana (WL) (19) . Two of these ethanol (EtOH)-amended cultures (fed 1,2-DCA or 1,1,2-trichloroethane [1,1,2-TCA] and hereafter called WL DCA/EtOH and WL TCA/EtOH, respectively) contain both Dehalobacter and Dehalococcoides spp. A third EtOH-amended culture that was simultaneously fed 1,2-DCA and 1,1,2-TCA (WL DCA/TCA/ EtOH) lost the Dehalococcoides population and therefore accumulates the intermediate vinyl chloride (VC) from 1,1,2-TCA dihaloelimination. In the current study, we report for the first time the identification of a Dehalobacter strain that utilizes 1,2-DCA dihaloelimination for growth in coculture with a nondechlorinating Acetobacterium sp. as well as the identification of a putative 1,2-DCA reductive dehalogenase gene from this organism.
MATERIALS AND METHODS
Enrichment and substrate range study. A series of transfer cultures were initiated using the previously described EtOH-and 1,2-DCA-amended WL DCA/EtOH enrichment culture (see Table 2 ) (19) as an inoculum. Serum bottles (160 ml) with black butyl rubber stoppers and containing 100 ml of sterile anaerobic mineral medium (14) with 5 mM sodium acetate were inoculated with 0.1 ml of culture using sterile disposable syringes and needles, and the bottles were amended with 40 M 1,2-DCA and 5 ml of H 2 -CO 2 (80%/20%). Upon the complete conversion of 1,2-DCA to ethene, the transfer was repeated. After 10 transfers, a series of 1/10 dilutions was prepared in 25-ml crimp-top tubes (Bellco Glass, Inc.) with 10 ml of medium. Dechlorination was repeatedly observed at the 10 Ϫ6 dilution. One milliliter of the 10 Ϫ6 dilution was then used to inoculate serum bottles with 100 ml of anaerobic mineral medium (5 mM acetate) and repeatedly amended with 1,2-DCA and H 2 /CO 2 . These and subsequent transfers were incubated in an anaerobic glove box (Coy) at room temperature and are referred hereafter as WL DCA/H 2 . For substrate range experiments, 5 ml of WL DCA/H 2 was diluted in 5 ml of fresh mineral medium with 5 mM sodium acetate in crimp-top tubes with butyl rubber stoppers. The test chlorinated compounds included 1,2-DCA, 1,1,2-TCA, PCE, trichloroethene (TCE), cis-dichloroethene (cDCE), and VC, which were added from saturated aqueous stocks or a gaseous stock (VC) to a concentration of 10 mg/liter (60 to 100 M) and subsequently amended with 3 ml of H 2 -CO 2 . Uninoculated negative controls were also prepared.
16S rRNA gene cloning. The UltraClean soil DNA kit (Mo Bio Laboratories, Inc., Solana Beach, CA) was used to extract total genomic DNA from 40 ml of culture pelleted at 6,600 ϫ g for 20 min according to the manufacturer's alternative protocol for maximum yields. Bacterial 16S rRNA genes were selectively amplified from the purified DNA by PCR using the primer set 8f/1541r (Table 1) . PCR was performed in triplicate 50-l reaction mixtures containing 1ϫ ThermoPol PCR buffer (New England Biolabs, Mississauga, Canada), 0.4 M of each primer, 0.4 mM deoxynucleoside triphosphates (dNTPs), 1.5 U of Taq DNA polymerase, and 1 to 50 ng of DNA. The conditions used for PCR amplification were as follows: an initial denaturation step at 94°C for 5 min and then 25 cycles of denaturation at 94°C for 30 s, primer annealing at 52°C for 30 s, and chain extension for 1.5 min at 72°C, followed by a final extension step at 72°C for 10 min. A PTC-200 thermocycler (MJ Research, Inc., Waltham, MA) was used for PCR. Triplicate reaction mixtures were combined and cloned with the TOPO TA cloning kit (Invitrogen Corp., Carlsbad, CA) according to the manufacturer's protocol. Thirty-two clones were chosen to be sequenced with primers M13r and T7f, and the closest sequence match was then identified with the blastn utility of GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
To test for the presence of archaea, the general archaeal primer pair 1Af/ 1100Ar (Table 1 ) was used to amplify genomic DNA from WL DCA/H 2 using the above PCR protocol with an annealing temperature of 55°C and 35 cycles. To test for the presence of Dehalococcoides, the Dehalococcoides-specific primers Dhc1f and Dhc264r were used ( Table 1) .
Isolation of Acetobacterium and testing for dechlorination. Shake tubes containing sodium formate (44 mM), methanol (0.04%, vol/vol), yeast extract (0.04%, wt/vol), and agar (1.5%) in anaerobic mineral medium were used to isolate Acetobacterium sp. cells from the WL DCA/H 2 coculture. One milliliter of a 10-fold dilution series of WL DCA/H 2 coculture in mineral medium was used to inoculate 9 ml of shake tube medium kept at 45°C. After solidification of the agar in a cool-water bath, 3 ml of H 2 -CO 2 (80:20, vol/vol) was added to each tube with a gas-tight syringe, and the tubes were stored at room temperature. Following growth of colonies (ϳ10 days), a single colony was picked with a syringe containing anaerobic medium and transferred into a serum bottle (160 ml) containing 50 ml of anaerobic mineral medium amended with sodium formate Cloning of reductive dehalogenase genes. rdh fragments were amplified from WL DCA/H 2 genomic DNA using the degenerate PCR primer set RRF2/RD7r, ceRD2Sf/RD7r, or ceRD2Lf/RD7r (Table 1 ). PCR components were the same as those used for 16S rRNA gene cloning except that 0.16 g/l bovine serum albumin was added into each reaction mixture. The thermocycling conditions used for PCR amplification were similar to those used for 16S rRNA gene cloning. PCR products were cloned with the TOPO TA cloning kit, and positive clones were sequenced with the vector primers following restriction fragment length polymorphism (RFLP) selection. Sequences were assembled and aligned using Bioedit (http://www.mbio.ncsu.edu/BioEdit/BioEdit.html), and the sequences' closest matches were identified with the tblastx utility of GenBank.
Two rounds of inverse PCR were used obtain the 5Ј and 3Ј flanking sequences for the partial rdh sequence obtained from the WL DCA/H 2 culture. In the first round, 175 ng of genomic DNA was digested overnight in 50-l reaction mixtures with Eco31I or NdeI restriction enzymes at 37°C. Self-ligation was performed by the addition of 5 U of T4 DNA ligase and 10ϫ ligase buffer and incubation at room temperature overnight. Inverse PCR with primers WLInv1stL/WLInv1stR (Table 1 ) was then performed according to the PCR protocol described above except that the annealing temperature was 57°C and the extension step was performed for 3 min. PCR products were cloned and sequenced as described above. To obtain more of the 5Ј flanking region, a second round of inverse PCR was performed similarly but with the restriction enzymes BamHI, EcoRI, and NcoI; primers WLInv2ndL and WLInv2ndR (Table 1) ; and an annealing temperature of 56°C.
Time course experiments. Growth of Dehalobacter and Acetobacterium spp. during the degradation of 1,2-DCA was monitored. Serum bottles (160 ml) were filled with 100 ml of anaerobic mineral medium containing 5 mM sodium acetate, closed with black butyl rubber stoppers, and autoclaved. Triplicate bottles were amended with neat 1,2-DCA (initial aqueous concentration of 0.5 mM) and 5 ml of H 2 -CO 2 .Triplicate bottles were amended with only H 2 -CO 2 as no-electronacceptor controls. The WL DCA/H 2 culture was added at a 1% (vol/vol) inoculum, and 1.5 ml of culture was immediately removed for DNA extraction. DNA was subsequently extracted from 1.5-ml samples after 3, 4, and 5 days. DNA was extracted from no-electron-acceptor bottles in parallel to 1,2-DCA bottles. After the 1,2-DCA was completely dechlorinated, DNA was extracted from all bottles (day 5), the bottles were reamended with H 2 -CO 2 , and 1,2-DCA was added to a concentration of 1 mM. Following the second complete dechlorination, DNA was again extracted (day 13), the bottles were reamended with H 2 -CO 2 , and 1,2-DCA was added to a concentration of 2 mM. Final DNA extractions were performed on day 36.
For DNA extractions, the culture was transferred into microcentrifuge tubes (1.7 ml) and centrifuged at 16,000 ϫ g for 10 min at 4°C. Most of the supernatant was removed, and the remaining 100 l was used to resuspend and transfer the pellet into an UltraClean soil DNA kit bead-beating tube. DNA was then extracted according to the manufacturer's protocol except that the DNA was finally eluted with 5 mM Tris-Cl (pH 8.0). The copies of Dehalobacter and Acetobacterium 16S rRNA genes in the extracted DNA were then enumerated using quantitative PCR (qPCR) (see below).
qPCR. qPCR for enumerating specific genes was conducted with 20-l reaction mixtures containing 10 l of SYBR green JumpStart Taq ReadyMix (Sigma), 7.2 l of sterile water, 2 l of DNA template, and 0.5 M each of the forward and reverse primers. The thermocycling program was as follows: an initial denaturation step for 3 min at 94°C; 45 cycles of denaturation at 94°C for 20 s, annealing at 63°C for 20 s, extension at 72°C for 30 s, and fluorescence reading; and a final melting-curve analysis from 72°C to 95°C, measuring fluorescence every 0.5°C. Primer set Dhb477f/Dhb647r was used for the detection of Dehalobacter 16S rRNA genes, while primer set Aceto572f/Aceto791r was used for the detection of Acetobacterium 16S rRNA genes (Table 1) . Specific primer sets for WL rdh genes were also designed and are listed in Table 1 .
Calibration for the Acetobacterium qPCR was performed with serial dilutions of a known quantity of an M13r/T7f-amplified fragment of an Acetobacterium 16S rRNA gene-carrying plasmid generated through the cloning experiment described above. For Dehalobacter 16S rRNA gene and reductive dehalogenase gene homologue qPCRs, a vector carrying the 16S rRNA gene and three culture WL-derived rdh fragments was constructed (see below) (Fig. 1) . The entire four-gene insert was amplified with M13r and T7f, and serial dilutions of this PCR product were used as the standard for qPCR, thereby ensuring accurate relative quantification. The dynamic range for qPCR for both targeted 16S rRNA genes was 2 ϫ 10 3 to 4 ϫ 10 8 16S rRNA gene copies/reaction. DNA concentrations were determined by UV absorbance measurement with a NanoDrop ND-1000 apparatus (NanoDrop Technologies, Wilmington, DE).
Development of a four-gene qPCR calibration standard. A pCR2.1 vector carrying the Dehalobacter 16S rRNA gene was used as the backbone for the new vector (Fig. 1) . Note that all of the subsequent PCRs were performed in 50-l reaction mixtures containing 1ϫ HF or GC buffer (Finnzymes protocol), 200 M dNTPs, 0.5 M each primer, 1 U of Phusion DNA polymerase (Finnzyme Oy), and 1 l of template. First, a 236-bp fragment of the WL rdhA2 gene was added simultaneously with a 352-bp fragment of the WL rdhA3 gene between the 16S rRNA fragment and the plasmid T7f sequence by using the unique NotI and XhoI restriction enzyme plasmid target sites. The WL rdhA2 gene fragment had a 5Ј NotI site and a 3Ј NcoI site engineered by PCR with primers WLrdhA2NotIf and WLrdhA2NcoIr, while the WL rdhA3 fragment had a 5Ј NcoI site and a 3Ј XhoI site engineered with primers WLrdhA3NcoIf and WLrdhA3XhoIr (Table  1) . Next, a 484-bp fragment of WL rdhA1 was cloned between the plasmid M13r sequence and the 16S rRNA gene fragment using the unique SacI and BamHI sites. The WL rdhA1 fragment was amplified with primers WLrdhA1SacIf and WLrdhA1BamHIr (Table 1) to introduce a 5Ј SacI site and a 3Ј BamHI site. Following restriction digestion and ligation, the sequence of the four-gene plasmid was verified by DNA sequencing.
Reverse transcriptase PCR (RT-PCR). The WL DCA/H 2 culture was purged with N 2 -CO 2 (80%/20%) to remove volatile compounds, and 40 ml was then transferred into two 120-ml serum bottles. The bottles were left for 5 days in the dark in an anaerobic glove box, and each bottle was then amended with 5 ml of H 2 -CO 2 . 1,2-DCA (0.43 mM) was also added to one of the bottles. After onequarter of the 1,2-DCA had been degraded, 40 ml of each culture was centrifuged at 10,000 ϫ g for 20 min at 4°C. RNA was then extracted and cDNA was generated according to methods described previously by Waller et al. (51) .
To test for the transcription of WL rdhA1, PCR using primers WLrdhA1f and WLrdhA1r (Table 1 ) and cDNA generated as described above was performed in 50-l reaction mixtures containing 1ϫ ThermoPol PCR buffer, 0.4 M of each primer, 0.4 mM dNTPs, 1.5 U of Taq DNA polymerase (New England Biolabs), and 1 to 2 l of cDNA. The conditions used for PCR amplification were as follows: an initial denaturation step at 94°C for 5 min and then 35 cycles of denaturation 94°C for 20 s, primer annealing for 20 s at 63°C, and chain extension for 45 s at 72°C, followed by a final extension step at 72°C for 10 min. RT-PCR products were analyzed by gel electrophoresis. The cotranscription of rdhA1 and rdhB1 was tested by RT-PCR as described above except that primers WLrdhA1f and WLrdhB1r (Table 1) were used with an annealing temperature of 57°C and an extension time of 1.5 min. PCRs with non-reverse-transcribed RNA were run in parallel.
Analytical procedures. For culture maintenance, time course, and substrate range experiments, chlorinated ethanes, ethenes, methane, and ethene were measured by injecting a 300-l-headspace sample onto a Hewlett-Packard 5890 Series II gas chromatograph fitted with a GSQ column (J&W Scientific), as previously described by Grostern and Edwards (19) for chlorinated ethanes and Duhamel et al. (13) for chlorinated ethenes.
Nucleotide sequence accession numbers. The cloned Acetobacterium 16S rRNA gene and rdh sequences identified in the WL cultures were deposited in GenBank with the following accession numbers: FJ157998 for Acetobacterium sp. strain WL, J010189 for WL rdhAB1, FJ010190 for WL rdhA2, and FJ010191 for WL rdhA3.
RESULTS
Culture enrichment and characterization of coculture. The parent WL DCA/EtOH mixed culture rapidly degrades 1,2-DCA stoichiometrically to ethene while also producing methane (Table 2) . After 10 0.1% transfers of this culture into anaerobic medium containing H 2 as an electron donor, acetate as a carbon source, and 1,2-DCA, methanogenesis ceased, but dechlorinating activity persisted at a rate of 150 M/day. This was substantially higher than the dechlorination rate of 80 M/day in the parent WL DCA/EtOH culture and was evidence of enrichment of a 1,2-DCA-dechlorinating organism.
The WL DCA/EtOH culture contains Dehalococcoides and Dehalobacter spp. that were previously shown to grow only in the presence of a chlorinated substrate (19) . Growth experiments demonstrated that both species were likely to be involved in the degradation of 1,2-DCA (19) . Given the strict electron donor (H 2 ) and acceptor (a chlorinated compound) requirements of other species in these genera, enrichment with H 2 and 1,2-DCA was expected to simultaneously select for (Fig. 2) . Cloning and sequencing of bacterial 16S rRNA genes from the WL DCA/H 2 culture with general primers revealed the presence of only Dehalobacter (28 of 32 clones) and Acetobacterium (4 of 32 clones) spp. but no Dehalococcoides cells. PCR using WL DCA/H 2 genomic DNA as a template did not produce a product with Dehalococcoides-specific primers (data not shown), confirming the loss of Dehalococcoides through transfers. Additionally, no PCR product was detected with general archaeal primers. On the basis of this information, the transfers were considered to be a coculture of Dehalobacter and Acetobacterium spp.
In order to eliminate the homoacetogenic Acetobacterium sp., several isolation methods were tried unsuccessfully. Roll tubes inoculated with serial dilutions of the coculture and amended with acetate, H 2 , and 1,2-DCA resulted in substantial ethene production from 1,2-DCA but no distinct colony formation. To exclude CO 2 that is required by homoacetogens for growth, a CO 2 -free culture using HEPES buffer (instead of sodium bicarbonate) and an N 2 -purged headspace was tested, but no 1,2-DCA dechlorination was observed upon the addition of acetate and pure H 2 . Finally, a selenium-and tungstenfree trace-metals solution was tested, since it was through the exclusion of these metals that Dehalobacter restrictus was isolated from a contaminating homoacetogen (23) . Four transfers in this medium resulted in a Dehalobacter-enriched population, but Acetobacterium remained present (data not shown).
An alternative to eliminating the Acetobacterium sp. is to isolate it from the Dehalobacter and then investigate its ability to dechlorinate 1,2-DCA. Using a medium containing formate, methanol, and yeast extract in shake tubes, distinct cream disc-shaped colonies that are 1 to 2 mm in diameter appeared in the 10 Ϫ6 -dilution tube after 8 days of incubation. Two subsequent shake-tube transfers ensured the purity of the strain, and its identity as an Acetobacterium strain was confirmed by sequencing of the 16S rRNA gene amplified from DNA from three colonies. The ability of the isolate to dechlorinate 1,2-DCA was tested in medium containing formate-methanol-yeast extract, formate-acetate, or acetate-H 2 -CO 2 . No 1,2-DCA depletion or ethene production was observed with any of the media tested after 15 days despite growth of the culture as monitored by the optical density at 595 nm (data not shown).
Correlation of Dehalobacter growth and 1,2-DCA dechlorination. To verify the involvement of Dehalobacter in 1,2-DCA degradation, the WL DCA/H 2 coculture was inoculated into fresh medium and amended with H 2 , acetate, and 1,2-DCA, and degradation was then monitored by headspace sampling, while growth was monitored by species-specific 16S rRNA gene qPCR of DNA samples extracted during degradation. qPCR samples were compared to donor-only controls that were not amended with 1,2-DCA. After a 2-day lag, the 100ϫ-diluted culture degraded 25 M 1,2-DCA to stoichiometric amounts of ethene in 5 days (Fig. 3A) . Through refeeding with 50 M and then with 100 M 1,2-DCA, 1,2-DCA degradation remained relatively constant, with a dechlorination rate of 150 M/day.
In the presence of 1,2-DCA, Dehalobacter cultures grew by almost 25-fold to a density of 9.8 (Ϯ3.0) ϫ 10 7 16S rRNA gene copies/ml (Fig. 3B) . The perception of a lack of growth from days 14 to 36 stems from the inherent difficulty of using qPCR to detect small changes in already concentrated cell populations (19) . In a culture at 1 ϫ 10 7 copies/ml, a change of 1 ϫ 10 7 copies/ml (equal to what was observed in the first 14 days) is not easily detectable. Based on the exponential growth phase from days 0 to 5 as depicted in Fig. 3B , a doubling time of 0.7 days was estimated. In the absence of 1,2-DCA, Dehalobacter concentrations decreased threefold, illustrating its requirement for the chlorinated electron acceptor for growth (Fig.  3B ). For Acetobacterium, levels of growth were similar in both 1,2-DCA-amended and electron-donor-only bottles, illustrating that the growth of this organism is independent from 1,2-DCA. A yield of Dehalobacter from 1,2-DCA dechlorination was calculated, assuming that all 1,2-DCA was degraded by Dehalobacter. The yield of 6.9 (Ϯ0.7) ϫ 10 7 16S rRNA genes copies/mol 1,2-DCA degraded is only one-quarter that observed during the dechlorination of 1,1,2-TCA to VC (a process requiring equal electron equivalents) in the WL TCA/ EtOH culture (19) .
Dechlorination of 1,1,2-TCA, PCE, TCE, cDCE, and VC was tested with WL DCA/H 2 . In 5 weeks, no dechlorination products were detected for any of these potential substrates. It was previously established that the WL culture does not dechlorinate 1,1,1-TCA or 1,1-DCA (19) .
Dehalogenase cloning and transcription. Degenerate PCR was used to identify putative reductive dehalogenase homologues in the WL DCA/H 2 culture. Primer sets ceRD2Sf/RD7r and RRF2/RD7r yielded positive PCR products, and after RFLP of 86 clones, 16 clones were sequenced. Of these, seven were identified by tblastx as being rdh genes by matches to rdh clones in GenBank, and alignment of these clones showed that they represent the same sequence. Two rounds of inverse PCR were used to increase the known sequence from 1,000 bp to 2,255 bp, allowing the complete WL rdhA1 and WL rdhB1 sequences to be obtained (Fig. 4) . rdhA1 encodes a 551-aminoacid protein that has 95% similarity to PceA of Dehalobacter restrictus (33) and 92% similarity to the putative 1,2-DCA (19) . Sixteen positive clones were analyzed by RFLP, seven clones were sequenced, and two distinct sequences were obtained: WL rdhA2 and WL rdhA3. WL rdhA1 was not detected by this method. These two new sequences were translated and compared with rdhA1 and found to have 74% and 96% identity, respectively, over 360 amino acids.
To determine the prevalence of the rdh gene sequences in various WL cultures, qPCR targeting of each rdh was used. The standard for qPCR was a construct containing the Dehalobacter strain WL 16S rRNA gene sequence as well as 236 to 484 bp representing each of the three identified rdh sequences (Fig. 1) . Table 3 shows that rdhA1 was the only sequence detected in DNA from the WL DCA/H 2 culture, whereas all three sequences were detected in the more complex WL DCA/ EtOH and WL DCA/TCA/EtOH cultures although in differing rdh copies. None of the rdh genes were detected in DNA from the MS culture, a Dehalobacter-containing culture used as a control that degrades 1,1,1-TCA but not 1,2-DCA (18) .
The copy numbers for the rdh genes were never more than one-quarter of the copy numbers of Dehalobacter 16S rRNA genes detected by qPCR (Table 3) . To determine if this was an artifact of extracting DNA from stationary cultures or if this represented a difference in the chromosomal copies of 16S rRNA genes and rdh genes, the samples from the above-described WL DCA/H 2 culture growth experiment were reexamined for the presence of rdhA1. As shown in Fig. 5A , an increase in numbers rdhA1 gene copies during dechlorination correlated with an increase in Dehalobacter 16S rRNA gene copies; the ratio of the increase in the total copy number of rdhA1 to that of the 16S rRNA gene increase was 1:4. Also, in the donor-only controls, both rdhA1 and Dehalobacter 16S rRNA gene copy numbers decreased over time, although the ratio between the two templates was more variable.
The actual transcription of rdhAB1 was tested by RT-PCR using RNA extracted from an active WL DCA/H 2 culture. The culture was starved for 5 days and then amended with either 1,2-DCA and H 2 or H 2 only. After 17 h, RNA was extracted, and cDNA was generated and probed for transcription of rdh-1. Transcription of rdhA1 was observed only in the presence of 1,2-DCA (Fig. 5B) . Additionally, by using primers that simultaneously amplify a portion of rdhA1 and rdhB1, it is evident that these two genes are cotranscribed. For both RTPCRs, control reaction mixtures lacking reverse transcriptase did not produce a PCR product (data not shown).
DISCUSSION
Dehalobacter dechlorinates 1,2-DCA. In this work, the dechlorination of 1,2-DCA by a Dehalobacter sp. in the WL DCA/H 2 coculture was confirmed because Dehalobacter cultures grew in the presence, but not in the absence, of 1,2-DCA. The dependence on a chlorinated substrate for growth is a trademark of only two known genera, Dehalobacter and Dehalococcoides, both of which were present in the parent WL DCA/ EtOH culture (19) . Marzorati et al. (34) recently described a 6VS culture, a 1,2-DCA-degrading enrichment culture that contained Desulfitobacterium and Dehalobacter spp. In the 6VS culture, Dehalobacter was found at about 3 ϫ 10 6 16S rRNA gene copies/ng of total culture DNA, a concentration similar to that found for Dehalobacter strains in the various WL cultures (Table 3) . Although Marzorati et al. (34) did not explicitly prove that 1,2-DCA was a growth substrate of the Dehalobacter strain, the organism became enriched after several transfers on 1,2-DCA. Therefore, it is clear that Dehalobacter can dechlorinate 1,2-DCA efficiently by dechlorination to ethene. Vinyl chloride, a by-product of 1,2-DCA dechlorination by D. ethenogenes strain 195 (35), was not detected in these Dehalobacter cultures. The 1,2-DCA-dependent growth of these Dehalobacter strains makes these organisms ideal candidates for use in the bioremediation of 1,2-DCA-contaminated sites.
The competition for electron donors among microorganisms is a well-known phenomenon in dechlorinating mixed cultures, where dechlorinators, methanogens, and acetogens vie for hydrogen use (11) . Among dechlorinators, competition for electron acceptors can also occur, for example, between Geobacter and Dehalococcoides for TCE in the KB-1 culture (11, 12) , between different strains of Dehalococcoides for chlorinated (19) . In the WL DCA/EtOH culture, the batch mode of maintenance and low rates of culture dilution allowed the competitors to coexist. However, under conditions of higher dilutions, differences in growth rate and cell yield become important in competition for the electron acceptor and for population maintenance. Previously, it was shown that when starved for 3 months, Dehalococcoides in the WL DCA/EtOH culture persisted at a higher concentration than did Dehalobacter (19) ; however, upon reamendment with 1,2-DCA, the Dehalobacter population rebounded at a much higher rate. It follows that deep dilutions and multiple serial transfers as carried out in this study would favor the faster-growing Dehalobacter over Dehalococcoides. Acetobacterium persisted in the culture despite an aggressive enrichment process. The Acetobacterium strain was isolated and was found to be unable to dechlorinate 1,2-DCA, unlike the Acetobacterium sp. described previously by De Wildeman et al. (10) . No dechlorination of 1,2-DCA was observed with the WL Acetobacterium isolate in any of three medium growth conditions tested, including the acetate-H 2 medium used to grow the coculture, over a period of 2 weeks (whereas the coculture completely dechlorinated 1.5 mM of 1,2-DCA to ethene in the same time frame). Acetobacterium may simply compete with Dehalobacter for reducing equivalents (H 2 ), and the batch style of culturing allows Acetobacterium to coexist with Dehalobacter, or Acetobacterium may provide some essential growth factors to Dehalobacter. The latter possibility was the hypothesis presented for the obligatory presence of Sedimentibacter in coculture with a ␤-hexachlorocyclohexane-dechlorinating Dehalobacter sp. (49) . Another dechlorinating organism, D. dichloroeliminans strain DCA1, was initially enriched in coculture with Enterococcus casseliflavus (8) ; further work showed that the latter species produced a menaquinone essential for the growth of strain DCA1, and the addition of menaquinones led to the isolation of strain DCA1 (8) . Acetobacterium spp. are known for vitamin B 12 production (2, 3, 26, 45) ; however, the ability of Dehalobacter to synthesize or salvage corrinoids is unknown. More work is required to determine how the WL Acetobacterium culture is in fact assisting Dehalobacter, if at all.
Multiple Dehalobacter strains exist in the WL culture. A decreased substrate range and the loss of rdh sequences following enrichment are evidence that, at minimum, two strains of Dehalobacter exist in the parent WL cultures. Substrate range experiments showed that the WL DCA/H 2 culture had lost the parent WL culture's ability to degrade 1,1,2-TCA, PCE, TCE, cDCE, and VC. The loss of 1,1,2-TCA dechlorination activity is especially interesting given the past finding that Dehalobacter was responsible for the dechlorination of 1,1,2-TCA in the WL TCA/EtOH culture (19) . Likely, the strain responsible for 1,1,2-TCA degradation is different from the 1,2-DCA-dechlorinating strain enriched here. The presence of three rdh sequences in the parent WL DCA/EtOH culture compared to only one in the enriched DCA/H 2 culture also suggests the presence of at least two strains of Dehalobacter in the parent culture and that enrichment on H 2 selected for one of those strains. rdhA1 was found to be a relatively minor proportion of Dehalobacter rdh genes in the WL DCA/ TCA/EtOH culture (amended with both chloroethanes), whereas the gene constituted a much larger proportion in the WL DCA/EtOH culture (amended with only 1,2-DCA). This, coupled with the transcription of WL rdhA1 in the presence of 1,2-DCA, supports the hypothesis that rdhA1 represents a putative 1,2-DCA (and not 1,1,2-TCA) reductive dehalogenase gene. The occurrence of rdhA2 and rdhA3 in similar abundances in the 1,1,2-TCA-amended culture suggests that these sequences are present in a second Dehalobacter strain that uses 1,1,2-TCA and, possibly to a lesser extent, 1,2-DCA.
The quantitative comparison of rdh and 16S rRNA gene copy numbers to discriminate strains was previously reported for Dehalococcoides (25, 40, 47) , but no such work for Dehalobacter-or Desulfitobacterium-containing cultures has been reported. This approach is a powerful tool to determine whether a population, as defined by a 16S rRNA gene sequence, is in fact composed of multiple strains. With qPCR, it is feasible, as demonstrated with Dehalococcoides (47) and in this report, to assess the population strain complexity in field samples and in enrichments and isolates, particularly those that are achieved through serial dilution and transfers rather than colony picking. Caution is warranted, however, because multiple copies of the 16S rRNA gene in a genome can exist (see below); a concatenated qPCR calibration standard including both ribosomal and functional genes ensures the accurate relative quantification essential for this approach.
Dehalobacter carries multiple rRNA operons. qPCR of rdh genes also provided evidence that Dehalobacter contains multiple rRNA (rrn) operons. As of February 2009, no genomic data for any Dehalobacter strains exist despite the significant study of the biochemical properties of the Dehalobacter restrictus PceA reductive dehalogenase (33, 43, 44) and the apparent widespread presence of this genus at contaminated sites worldwide. Additionally, there have been no reports examining the link between cell counts and 16S rRNA gene copies, which is important if qPCR of Dehalobacter 16S rRNA gene copies is used to assess biostimulated or bioaugmented sites. The standard method for determining rrn operon copy number is Southern blotting (e.g., see reference 31), but PCR methods (e.g., see reference 30) have also been used (genome sequencing gives the clearest answer, of course). By simultaneously analyzing changes in 16S rRNA gene copies and RDase gene copies in a growing culture, we found that there is a nearconstant ratio of 4 16S rRNA gene copies:1 rdhA1 gene copy. Whereas all four sequenced Dehalococcoides strains have one rrn operon in their genome, two organisms that are more phylogenetically related to Dehalobacter, Desulfitobacterium hafniense Y51 and Desulfitobacterium hafniense DCB-2, have six (36) and five (search of rrnDB) (28) rrn operons, respectively. Therefore, the presence of four rrn operons in the Dehalobacter strain in the DCA/H 2 culture is quite feasible. It would be useful to do this kind of analysis with other Dehalobacter strains to determine if there is a consistent rrn operon copy number across Dehalobacter strains.
A novel putative Dehalobacter 1,2-DCA reductive dehalogenase gene was identified. This work identified a 1,2-DCA reductive dehalogenase gene from a Dehalobacter strain. A putative 1,2-DCA rdh operon was cloned, its abundance was shown to correlate with Dehalobacter growth and dechlorination of 1,2-DCA, and it was transcribed specifically upon exposure to 1,2-DCA. WL rdhA1 is distinct from the putative 1,2-DCA rdh recently identified by Marzorati (33, 38) . Given the involvement of Dehalobacter in the transformation of a number of different chlorinated compounds, including chlorinated ethanes (19, 41) and ethenes (22, 52) , polychlorinated biphenyls (37), ␤-hexachlorocyclohexane (49), trichlorobenzenes (50), and 1,2-dichloropropane (42) , there are few rdh genes identified from this genus.
Dehalobacter strains are obligate dechlorinators; therefore, reductive dehalogenases necessarily play a key role in the organism's metabolism. In the absence of genomic information, study of how strains differ in their complements of rdh genes can give insight into strain relatedness and substrate range potential. A larger effort is required to understand the physiology and diversity of this widespread and environmentally important dechlorinating genus. In summary, we have identified a Dehalobacter sp. that dechlorinates 1,2-DCA to ethene and have discovered a likely 1,2-DCA reductive dehalogenase gene. This work adds a body of research describing different Dehalobacter strains and their substrate ranges. Dehalobacter restrictus (22) and strain TEA (52) dechlorinate only PCE and TCE, while Dehalobacter sp. strains TCA1 (46) and MS (18) dechlorinate only 1,1,1-TCA and 1,1,-DCA but not other chlorinated ethanes or ethenes. Similarly, Dehalobacter sp. strain E1-E3 dechlorinates ␤-hexachlorocyclohexane but not chlorinated ethanes or ethenes (49). The Dehalobacter strain described herein was found to dechlorinate only 1,2-DCA. These findings are in contrast to previous observations on individual Dehalococcoides strains that tend to dechlorinate chlorinated ethanes, ethenes, propenes, and aromatic compounds. Thus, Dehalobacter strains collectively dechlorinate a broad spectrum of substrates, while the substrate range of individual strains appears to be quite restricted.
